
SUSY PHENOMENOLOGY AND NATURALNESS

JiJi Fan!
Syracuse University!

!

Fermilab, 8/21/14



Naturalness in SUSY!

Indirect Probes: Higgs couplings, EWPT, …!

Direct Production at Colliders!

Cosmic Probes



NATURALNESS IN SUSY
There will be intensive discussions of definition of naturalness in this workshop. 
I will only mention the one that I agree with and focus on the phenomenology.

Let’s start with MSSM: at tree-level

To get a 125 GeV Higgs, one needs a large quantum correction !
 or to go beyond MSSM.
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For moderately large tan β, tan β > 2,  

Natural EWSB means that no large cancellations among terms!
on the right-hand side to get the correct physical Higgs mass.!
 
This leads to naturalness requirements:!
!
At tree-level: light Higgsinos: |μ| ~ 𝑚ℎ !
!
At one-loop level: light stops (with mass ≲ 700 GeV to avoid more than !
10 % fine-tuning Papucci, Ruderman and Weiler 2011)

Kitano, Nomura 2006
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In MSSM, to get the Higgs mass 
to be 125 GeV, a large quantum correction  
must be introduced with multi-TeV SUSY 
breaking parameters; 
the fine-tuning is worse than a few percent.

Hall, Pinner, Ruderman 2011

Caveats: Scherk-Schwarz SUSY breaking models: !
Dimopoulos, Howe, March-Russell; Craig, Lou 2014
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Naturalness and Gluinos
We need the stop to be relatively light for naturalness of a 
light Higgs. But the stop is itself a scalar field, and can get 
quadratic corrections!

We identify the Higgsino mass with µ. Because we are already taking µ ! 200 GeV, this

translates into a roughly natural wino mass range of

mW̃ ! TeV. (8)

Next, we compute the hypercharge D-term loop contribution to Higgs mass-squared, in

figure 3:
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FIG. 3. Higgs mass correction

This gives rise to a higgs mass correction:
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Including both the right-handed sbottom and the down-type higgs, as we do in this

section, ensures that the quadratic divergence cancels, but there is still a residual correction

to the higgs mass. Given that other scalars have already been argued to be relatively light,

we can use this correction to estimate the natural range for the mass of b̃R,

mb̃R
! 3TeV. (10)

Finally, q̃L, t̃R also being relatively light scalars, suffer from their own naturalness problem,

with mass corrections dominated by the diagrams in figure 4:
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FIG. 4. Stop mass correction

12

Large corrections come from the gluino, which hence should 
be light (below about 1.5 TeV). As a color octet, the gluino 
has a large production cross section at the LHC.

Stops are scalars themselves and they can receive quadratic 
corrections from gluinos

To avoid large cancelations, gluinos have to be not too heavy, i.e, below!
2 TeV to avoid 10% tuning or worse.



Alternative Routes for SUSY

125 GeV Higgs boson

Keep naturalness: go beyond MSSM: NMSSM, 𝝀SUSY…!
Alleviate collider constraints: RPV, compressed SUSY,!
folded SUSY, Stealth SUSY …

Give up strict naturalness: for example, mini-split SUSY!
SUSY still stabilizes most of the hierarchy, preserves gauge coupling !
unification, provides DM candidate. Ameliorates flavor and CP problem



HIGGS COUPLINGS ON NATURALNESS 

Present data LHC14 ILC/GigaZ TLEP

TeraZ OkuW Megatop

↵s (M 2
Z ) 0.1185±0.0006 [5] ±0.0006 ±0.0006 ±0.0002 [6] ±0.0001 [6] ±0.0001 [6]

�↵(5)had(M
2
Z )(105) (276.5±0.8)⇥10�4 [7] 4.7⇥10�5 [1] 4.7⇥10�5 [1] 4.7⇥10�5 4.7⇥10�5 4.7⇥10�5

mZ [GeV] 91.1875±0.0021 [8] ±0.0021 [1] ±0.0021 [1] ±0.0001 [6] ±0.0001 ±0.0001

mt [GeV] (pole) 173.34±0.76 [9] ±0.6 [1] ±0.1 [1] ±0.6 ±0.6 ±(0.01�0.02) [6]
mh [GeV] 125.14±0.14 [1] <±0.1 [1] <±0.1 [1] <±0.1 <±0.1 <±0.1

mW [GeV] 80.385±0.015 [5] ±8⇥10�3 [1] ±5⇥10�3 [1] ±8⇥10�3 ±1.2⇥10�3 [10] ±1.2⇥10�3

sin2✓ `eff (23153±16)⇥10�5 [8] ±16⇥10�5 1.3⇥10�5 [10] ±0.3⇥10�5 [10] ±0.3⇥10�5 ±0.3⇥10�5

�Z [GeV] 2.4952±0.0023 [8] ±0.0023 ±0.0023 ±1⇥10�4 [6] ±1⇥10�4 ±1⇥10�4

Table 1: The observables in the simplified electroweak fit where we neglect the non-oblique corrections from stop sector and
parametrize the stop contributions to EW observables in S and T . The first five observables in the table and S, T are free
in the fit. We quote current and future sensitivities of each experiment. For FCC-ee (TLEP), we consider three scenarios:
TeraZ: Z pole measurement (including measurements with polarized beams); OkuW: Z pole measurement plus scan of W W
threshold; Megatop: Z pole measurement, W threshold scan and top threshold scan. The FCC-ee (TLEP) sensitives are taken
from either [6] and [10], where we always chose the more conservative numbers.

depend on only three linear combinations of S and T :

mW ,�W / S�1.54T

sin2✓ `eff, R`,�0
had / S�0.71T

�Z / S�2.76T. (2)

It justifies our choices using only mW , sin2✓ `eff and �Z in the analysis to bound S and T as they suffice to define
the ellipse of allowed S and T . Notice that the simplified fit of the Gfitter group [1] also included R` in addition to
mW , sin2✓ `eff and �Z . We checked that the inclusion doesn’t change the result of the fit.

We present the boundaries of allowed S and T parameters for different experiments at 68 % C.L. in Fig. 1. The
best fit point of current data is slightly away from the SM but to facilitate comparisons, we set the best fit points
for both current and future data to be at the origin with S = T = 0, which corresponds to the SM. Currently, the
1 � allowed range of S and T is about 0.1 which will be reduced to Æ 0.06 at ILC, Æ 0.02 at TLEP with Z pole
measurements andÆ 0.01 at TLEP after top threshold scan. It is clear that the top threshold scanning is crucial for
increasing the sensitivity to new physics.

So far we haven’t included the theoretical uncertainties of the electroweak observables in our analysis. Cur-
rently the theoretical uncertainties are smaller than the experimental uncertainties so including them won’t change
the fit of current data much. Yet with the big reduction of the experimental uncertainties at future e+e� colliders,
the theoretical uncertainties have to be reduced correspondingly. This requires higher-order such as full three-loop
calculations of the observables in the SM, which is achievable as Germans have a lot of funding and perceivably
could calculate hard over the next twenty/thirty years. We will present more details of theory uncertainties in
Sec. ??.

2.2 Constraints on the Stop Sector

Now we turn to study the sensitivities of future EWPT to the stop sector. The stop mass-squared matrix, in the
gauge eigenstate basis (t̃ L , t̃R ), is given by
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2 Basic Idea

Before beginning, we comment on notation: we define the modifications to the Higgs couplings to SM particles as

ri ⌘ chi i

c SM
hi i

, (1)

with c ’s denoting couplings and i = t , V,G ,�,b ,⌧ standing for top, massive vector gauge bosons, gluon, photon,
bottom and tau respectively.1

The stop mass-squared matrix, in the gauge eigenstate basis (t̃ L , t̃R ), is given by
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,

where m 2
Q3

, m 2
U3

are the soft mass squared of left- and right- handed stops respectively and the stop mixing term

Xt = At�µ/ tan� . For simplicity, we will neglect possible phases in the stop mass matrix. �ũ L =
Ä

1
2 � 2
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ä
cos(2� )m 2

Z
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2
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Z originate from the D-term quartic interactions and are⌧m 2
t .

It is easy to see that the off-diagonal stop mixing terms always split the two mass eigenstates. More specifically,
the splitting between two physical masses squared can be expressed in terms of the mass parameters as
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where the first term in the square root comes from the difference in the diagonal mass terms while the second one
comes from the off-diagonal mass term. Thus for fixed physical stop masses, the maximally allowed Xt is given by

��X max
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���
2mt

, (3)

which is only achieved when the diagonal mass terms are equal. In particular, two mass degenerate stops corre-
spond to Xt = 0.

As is well known, stop loops could modify the Higgs coupling to gluons, of which the leading order contribution
could be computed easily via the low energy Higgs theorem [41, 42]
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where we neglect D-terms. This expression is valid for mt̃1,2 ⇠>mh/2, which we will assume. Exotic scenarios where
lighter stops could have evaded detection would also predict a large Higgs decay rate to stops, so it is safe to dismiss
the possibility. One can see that without mixing (Xt ⇡ 0) light stops could give a considerable positive contribution
to r t̃

G . If it exceeds the upper bound allowed by the Higgs coupling measurements, there has to be a cancelation
between the first two positive terms and the last negative term from stop mixing. The low-energy theorem asserts
that the loop correction from a particle with mass M (v ) is/ @ log M 2(v )/@ log v ; the mixing contributes negatively
because a larger Higgs vev would mean a larger off-diagonal term and would decrease the lightest stop mass. Thus
for light stops to be consistent with the Higgs coupling data, Xt has to be larger than
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where
Ä

r t̃
G

äfit;max
is the upper end of the experimental allowed range from a fit. We will describe the procedure

of the fit in the next section. This formula is only valid when the quantity in the square root in Eq. 5 is positive;
otherwise, there is no constraint.

1We take further rW = rZ = rV although this may have exceptions [40].

3

Stop effect:

Low energy Higgs theorem

These are all well-known results; I just want to present a little cute!
way to visualize the constraints of the data and extract the bottom line:!
what do measured Higgs couplings tell us about allowed stop masses?
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t +�ũ L mt Xt

mt X ⇤t m 2
U3
+m 2

t +�ũ R
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+�ũ L �m 2

U3
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!
,

where m 2
Q3

, m 2
U3

are the soft mass squared of left- and right- handed stops respectively and the stop mixing term

Xt = At�µ/ tan� . For simplicity, we will neglect possible phases in the stop mass matrix. �ũ L =
Ä

1
2 � 2

3 sin2✓W

ä
cos(2� )m 2

Z

and�ũ R =
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diagonal mass splitting off-diagonal splitting

For fixed physical stop masses,
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Table 1: The observables in the simplified electroweak fit where we neglect the non-oblique corrections from stop sector and
parametrize the stop contributions to EW observables in S and T . The first five observables in the table and S, T are free
in the fit. We quote current and future sensitivities of each experiment. For FCC-ee (TLEP), we consider three scenarios:
TeraZ: Z pole measurement (including measurements with polarized beams); OkuW: Z pole measurement plus scan of W W
threshold; Megatop: Z pole measurement, W threshold scan and top threshold scan. The FCC-ee (TLEP) sensitives are taken
from either [6] and [10], where we always chose the more conservative numbers.
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best fit point of current data is slightly away from the SM but to facilitate comparisons, we set the best fit points
for both current and future data to be at the origin with S = T = 0, which corresponds to the SM. Currently, the
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the fit of current data much. Yet with the big reduction of the experimental uncertainties at future e+e� colliders,
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calculations of the observables in the SM, which is achievable as Germans have a lot of funding and perceivably
could calculate hard over the next twenty/thirty years. We will present more details of theory uncertainties in
Sec. ??.

2.2 Constraints on the Stop Sector

Now we turn to study the sensitivities of future EWPT to the stop sector. The stop mass-squared matrix, in the
gauge eigenstate basis (t̃ L , t̃R ), is given by
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It is easy to see that the off-diagonal stop mixing terms always split the two mass eigenstates. More specifically,
the splitting between two physical masses squared can be expressed in terms of the mass parameters as
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where the first term in the square root comes from the difference in the diagonal mass terms while the second one
comes from the off-diagonal mass term. Thus for fixed physical stop masses, the maximally allowed Xt is given by
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which is only achieved when the diagonal mass terms are equal. In particular, two mass degenerate stops corre-
spond to Xt = 0.

As is well known, stop loops could modify the Higgs coupling to gluons, of which the leading order contribution
could be computed easily via the low energy Higgs theorem [41, 42]
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where we neglect D-terms. This expression is valid for mt̃1,2 ⇠>mh/2, which we will assume. Exotic scenarios where
lighter stops could have evaded detection would also predict a large Higgs decay rate to stops, so it is safe to dismiss
the possibility. One can see that without mixing (Xt ⇡ 0) light stops could give a considerable positive contribution
to r t̃

G . If it exceeds the upper bound allowed by the Higgs coupling measurements, there has to be a cancelation
between the first two positive terms and the last negative term from stop mixing. The low-energy theorem asserts
that the loop correction from a particle with mass M (v ) is/ @ log M 2(v )/@ log v ; the mixing contributes negatively
because a larger Higgs vev would mean a larger off-diagonal term and would decrease the lightest stop mass. Thus
for light stops to be consistent with the Higgs coupling data, Xt has to be larger than
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where
Ä

r t̃
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äfit;max
is the upper end of the experimental allowed range from a fit. We will describe the procedure

of the fit in the next section. This formula is only valid when the quantity in the square root in Eq. 5 is positive;
otherwise, there is no constraint.

1We take further rW = rZ = rV although this may have exceptions [40].
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usingA �W ⇡ 8.33 andA �t ⇡�1.84, the amplitudes of h! �� in the SM, valid for mh = 125 GeV.
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Figure 1: Illustration of the principle behind our exclusion plots. The blue dashed contours are the largest allowed mixing
parameters for given stop mass eigenvalues,

��X max
t

�� (as in eq. 3). The orange solid contours are the minimum mixing
��X min

t

��
required to fit the data at 2�, as in eq. 5, under the hypothesis that only stop loops modify Higgs couplings. In the case of
models with an R-symmetry where Xt = 0, the entire shaded gray region is excluded at 2� by the data. In more general models,
we display the exclusion below.

As discussed in Sec. 2, for a given point in the (mt̃1 , mt̃2 ) plane, if
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�� in Eq. 3 allowed by the physical masses
is smaller than

��X min
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�� in Eq. 5 allowed by the Higgs coupling, this point is excluded by the Higgs coupling mea-
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���. The shaded region in Fig. 1

is ruled out in models where Xt ⇡ 0, e.g. R-symmetric theories. The excluded region allowing for nonzero Xt is
demonstrated in Fig. 2.
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Here ⇤ is a scale characterizing mediation of SUSY breaking, while mEW is the low scale at which running stops.
We take mEW =max(pmt̃1 mt̃2 , mh ). In Fig. 2, we take At =max
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with the SUSY breaking medi-
ation scale ⇤ = 30 TeV, µ = �200 GeV and tan� = 10. The max here ensures that if the µ-term alone is enough to

2Exceptions see [48].
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Figure 2: Assuming no other contributions to Higgs digluon coupling rG other than stops’, region of natural stop that has been
ruled out by Higgs coupling measurements. The three shaded purple regions, from darkest to lightest, are excluded at 3�
(99.73%) level; 2� (95.45%) level; and 1� (68.27%) level. The dashed purple line is the boundary of the region excluded at 90%
CL. The red solid lines are contours of Higgs mass fine-tuning assuming ⇤ = 30 TeV, µ = �200 GeV and tan� = 10. We have
evaluated the tuning with Xt = X min

t , the smallest mixing allowed by the data at 2� for a given pair of masses. The blue dashed
line is a contour of 10% fine-tuning associated with r t̃

G .

provide |Xt | > ��X min
t

��, we set At = 0. Here
��X min

t

�� is taken to be the smallest value allowed at 2�. We have deliber-
ately chosen a very low mediation scale as well as a negative sign of µ relative to At in order to draw conservative
conclusions about the tuning measure. One could try to always generate

��X min
t

��mostly from the µ/ tan� term, but
this leads to tree-level tuning that is much worse than the loop-level tuning from At . To get the Higgs coupling
within the allowed range of experiments, there could be a cancelation between contributions with opposite signs
from the diagonal masses and mass mixings between two stops. Thus one could also define a fine-tuning measure
associated with the Higgs coupling
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So far the precision level of Higgs coupling measurements is still low, thus the fine-tuning of Higgs couplings is not
very large in general. In Fig. 2, we plot the boundary corresponding to 10% fine-tuning in Higgs coupling, which
excludes the possibility that even one stop is below about 100 GeV. (This is, essentially, the same observation that
was made in the context of electroweak baryogenesis in Refs. [20, 21].) We also considered contributions from
light stops to electroweak precision observables, in particular, the⇢ parameter, but the constraints there are much
weaker compared to those from current Higgs coupling measurements.

From Fig. 2, we see that regions with both stops lighter than about 400 GeV is excluded by the Higgs coupling
measurements at 2� (95.45 %) C.L. Along the diagonal line where both stops are degenerate in mass, the constraint
gets stronger and extends to 450 GeV. In general, although one could construct clever natural models where stops

6

99.7%

95.5%

90%

68.3%

Assume only stops modify Higgs coupling (assuming Yukawa couplings are 
not modified)

Higgs coupling measurements rules out that both stops with mass below 400 GeV in the case 
when stops are the only contribution to the Higgs coupling modification. 
!
These constraints apply no matter how stops decay and suggest a minimum electroweak fine-
tuning of between a factor of 5 and 10.  
!
Independent of how stops decay and is complementary to direct searches ! 

Fan, Reece, 2014
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Figure 7: Projected constraints on stops (from a one-parameter fit) from future experiments. The purple shaded region along
the diagonal has a minimum |Xt | needed to fit the data at 95% CL that is larger than

��X max
t

��. The blue shaded region requires a
tuning of Xt by more than a factor of 10 to fit the data. The dot-dashed red contours label Higgs mass fine-tuning.

degenerate stops up to high masses as precision increases. However, as discussed in Section 2, the exclusion region
is anchored at 350 GeV on both axes, and we see that the constraint does not extend far from the diagonal. As the
precision of the measurements increases, the exclusion based on tuning of Higgs couplings becomes progressively
more important, as indicated by the shaded blue regions in the figure. Furthermore, because the value of

��X min
t

�� for
given stop masses increases with the precision of the measurement and At enters the tuning measure, we can see
that the tuning curves move inward over time. TLEP would completely rule out regions of 10% tuning, as well as
a slice of parameter space with even higher fine-tuning. The ILC or TLEP would also directly constrain higgsinos,
and thus pin down tree-level fine-tuning as well as the loop effects we discuss.

4 Constraints on Folded Stops

In light of our failure to find supersymmetry so far, one could wonder if naturalness of electroweak symmetry
breaking might be enforced by a more subtle mechanism. One such theoretical proposal is Folded Supersymme-
try [9], in which top partners still cancel loop corrections to the Higgs mass, but these top partners have no Stan-
dard Model SU(3)c quantum numbers. However, these “F -stops” still have electroweak quantum numbers, which
are necessary to allow them to couple to the Higgs boson. They would contribute loop corrections to the h ! ��
amplitude but not to the h ! g g amplitude. The Higgs also acquires a new decay to hidden gluons, h ! g h g h ,
which may or may not appear as an invisible width experimentally depending on the lifetime of the hidden sector
glueballs, but in any case is very small and does not affect the fits. Because the W loop dominates over the top
loop in the SM h ! �� amplitude, the loop corrections from F -stops are more difficult to observe than those of
ordinary stops (which show up dominantly in the coupling h! g g ). Still, we can ask how well the LHC and future
colliders can constrain F -stops, and whether measurements of the h! �� amplitude could be complementary to
studies of Higgs wavefunction renormalization as a probe of naturalness in this scenario [16].

The original model of Folded SUSY makes fairly specific predictions for the mass spectrum, but here we just
assume the existence of F -stops that have all of the couplings of ordinary stops except for the coupling to gluons.
The constraints arising from the F -stops’ modifications of the h ! �� decay width are plotted in Fig. 8, which
also shows projected TLEP reach. These constraints are significantly weaker than constraints on ordinary stops,
reinforcing the idea that “colorless supersymmetry” is a challenging scenario to constrain with the LHC. Even
a future collider like TLEP, which would set very powerful constraints on ordinary stops, would only constrain
folded stops to about the 20% tuning level. (Other colorless supersymmetry scenarios also typically involve new
electroweak states that might alter Higgs properties; see, for instance, refs. [61, 62].)
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The stop mixing angle is related to the physical stop masses and mixing as
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We will choose ✓t̃ ⇢ (�⇡/4,⇡/4) so the mass eigenstate with eigenvalue mt̃1 is mostly left-handed and the other
one with mt̃2 is mostly right-handed.

The sbottom sector has a similar mass matrix with mt replaced by mb , md̃ 3
replacing mũ 3 , and the appropri-

ately modified D-terms. Generally we can neglect mixing in the sbottom sector because mb ⌧mt . The mass of
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In the higgsino sector, there are two neutral Majorana fermions and one charged Dirac fermion, with masses
approximately equal to µ. The splittings originate from dimension five operators when the bino and wino are
integrated out, and are of order m 2

Z /M 1,2. We will ignore these splittings and treat all higgsino masses as equal to
µ for the purpose of calculating loop effects.

2.2 Electroweak Precision: Oblique Corrections

The familiar S and T oblique parameters [2, 3] (see also [4–6]) correspond, in an effective operator language (re-
viewed in ref. [7]), to adding to the Lagrangian
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Here h is the Standard Model Higgs doublet; in the MSSM context it may be thought of as the doublet that remains
after integrating out the linear combination of Hu and Hd that does not obtain a VEV. The often-discussed U
parameter corresponds to a dimension-8 operator,

�
h†W iµ⌫h

�2, and we can safely neglect it. In equating S and
T with coefficients in Loblique, we must first rewrite the Lagrangian (using equations of motion and integration

by parts) in terms of a minimal basis of operators [8]. Other operators like i@ ⌫Bµ⌫h†
$

Dµh will contribute to the S
parameter if we leave the result in terms of an overcomplete basis. We will see some further examples below in
which a straightforward diagrammatic calculation leads to operators not present in the minimal basis.

Integrating out any SU(2)L multiplet containing states that are split by electroweak symmetry breaking—for
instance, the left-handed doublet of stops and sbottoms—will produce a contribution to S. The masses must
additionally be split by custodial symmetry-violating effects to contribute to T . In the case of the stop and sbottom
sector we have both, and T is numerically dominant [9]. The diagrams leading to a T -parameter are shown in Fig. 1.
There are terms proportional to y 4

t , to y 2
t X 2

t , and to X 4
t . These diagrams are very familiar from the loop corrections

to the Higgs quartic coupling that can lift the MSSM Higgs mass above the Z -mass [10–13]. The only difference for
T is that we extract momentum-dependent terms to obtain the dimension-six operator. The result is:
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The diagrams generating the S-parameter are shown in Fig. 2. Notice that in order for the first diagram to
contribute, it is important that the SU(2)L structure of the coupling is
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rather than (h†h)(Q̃†

3Q̃3),
as the latter would lead to a zero SU(2)L trace around the loop. As a result, the F -term potential contributes / y 2

t
and the SU(2)L D-term potential contributes / g 2, but there is no U(1)Y D-term contribution / g 02. The leading
correction is
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Figure 1: Loop diagrams contributing to the T parameter operator
Ä

h†Dµh
ä2

when the left-handed stop/sbottom doublet Q̃3

and the right-handed stop t̃R =
�

ũ c
3

�† are integrated out.

The Xt dependent part of the correction depends on the subtlety in the use of our effective oblique Lagrangian eq. 3
that we mentioned above: the strict relation between S and the coefficient of h†W iµ⌫�i h Bµ⌫ applies only if we first
rewrite all operators in a minimal basis [7, 14]. The third loop diagram of Fig. 2 generates different operators like

i@ ⌫Bµ⌫h†
$

Dµh which may be rewritten using integration by parts and equations of motion and also contribute to
S. Note that a similar diagram with a bubble topology connecting a gauge boson on one side and two Higgs bosons
on the other cannot be sensitive to the difference in momenta of the Higgs bosons, and so never generates the
operators in question. The fact that integrating out heavy particles often generates operators that are not present
in the minimal basis was also recently emphasized in ref. [1].
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Figure 2: Loop diagrams contributing to the S parameter. The two diagrams at left generate the usual operator h†W iµ⌫�i h Bµ⌫
when the left-handed stop/sbottom doublet Q̃3 and the right-handed stop t̃R =

�
ũ c

3

�† are integrated out. The diagram at right

generates the operators i@ ⌫Bµ⌫h†
$

Dµh and i D⌫W i
µ⌫h†�i

$
Dµh, which also contribute to S after being rewritten in terms of the

minimal basis of dimension-six operators.

Notice that the S parameter contribution from loops of stops and sbottoms is small and, for small Xt , negative.
The T parameter contribution is numerically somewhat larger and positive. In both cases, the dominant contribu-
tion is due to the left-handed stops and sbottoms, with their right-handed counterparts entering through mixing
effects. As a result, we expect that precision measurements of the T parameter can set interesting constraints on
left-handed stops. (For a recent study of existing constraints, see ref. [15].)

2.3 Production of b and t Quarks

Integrating out loops of stops and higgsinos can correct the production of bottom and top quarks at e+e� colliders.
In particular, in the minimal basis of dimension-six operators these corrections show up in the terms [8]

Lb t = chq ;1i h†
$
DµhQ†

3�
µQ3+ chq ;3i h†�i

$
DµhQ†

3�
i�µQ3+ chu i h†

$
Dµhu c †

3 �
µu c

3 + chd i h†
$
Dµhd c †

3 �
µd c

3 +h.c. (6)

Again, however, calculating loop diagrams might generate other operators not present in Lb t , in which case we
should use the equations of motion and integration by parts to rewrite the operators in a minimal basis.
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COLLIDER PROBES
Gluinos: current bounds above TeV

Gluinos
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Gluino mass bounds are now above a TeV; e.g., 1.3 TeV if 
gluino decays through stops.

gluino mass [GeV]
600 800 1000 1200 1400 1600

LS
P 

m
as

s 
[G

eV
]

0

100

200

300

400

500

600

700

800

900

m(gluino) - 
m(LSP) =

 2 
m(to

p)

ICHEP 2014
 = 8 TeVs

CMS Preliminary
1
0
χ∼ t t →g~ production,  g~-g~

-1) 19.5 fbT+HTESUS-13-012 0-lep (
-1SUS-14-011 0+1+2-lep (razor) 19.3 fb

-1 6) 19.3 fb≥
jets

SUS-13-007 1-lep (n
-1SUS-13-016 2-lep (OS+b) 19.7 fb
-1SUS-13-013 2-lep (SS+b) 19.5 fb

-1SUS-13-008 3-lep (3l+b) 19.5 fb

Observed
SUSY
theoryσObserved -1 

Expected



Stops: current bounds close to 700 GeV but with loopholes

Tricky Regions: 
Stealth stops



Higgsinos: EW production; relatively less constrained; !
constraints obtained mostly in scenarios with inflating brs to leptons.

Electroweakinos?
Superpartners of Higgs and electroweak gauge bosons 
are relatively unconstrained; limits mostly in scenarios that 
inflate the branching fraction to leptons:

Naturalness predicts light 
Higgsinos, but direct 
production of Higgsinos at the 
bottom of the spectrum is 
hard to probe.
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One goal of LHC14: close in the loopholes and search for hidden naturalness

Example 1: RPV 

Gluino Bounds in RPV

ATLAS-CONF-2013-091
(a) 6-quark model (b) 10-quark model

Figure 1: Feynman diagrams for the gluino decays used as benchmarks for this search. Diagrams for (a)
the 6-quark model and (b) the 10-quark model are shown.

Section 6.

2 Detector, data acquisition, and object definitions

The ATLAS detector [20,21] provides nearly full solid angle coverage around the collision point with an
inner tracking system covering |η| < 2.51, electromagnetic and hadronic calorimeters covering |η| < 4.9,
and a muon spectrometer covering |η| < 2.7.

The ATLAS tracking system is comprised of a silicon pixel tracker closest to the beamline, a mi-
crostrip silicon tracker, and a straw-tube transition radiation tracker at radii up to 108 cm. These systems
are layered radially around each other in the central region. A thin solenoid surrounding the tracker
provides an axial 2 T field enabling measurement of charged particle momenta. The track reconstruction
efficiency ranges from 78% at ptrack

T = 500 MeV to more than 85% above 10 GeV, with a transverse
impact parameter resolution of 10 µm for high momentum particles in the central region. The overall
acceptance of the inner detector (ID) spans the full range in φ, and the pseudorapidity range |η| < 2.5 for
particles originating near the nominal LHC interaction region.

The calorimeter comprises multiple subdetectors with several different designs, spanning the pseu-
dorapidity range up to |η| = 4.9. The measurements presented here use data from the central calorimeters
that consist of the Liquid Argon (LAr) barrel electromagnetic calorimeter (|η| < 1.475) and the Tile
hadronic calorimeter (|η| < 1.7), as well as two additional calorimeter subsystems that are located in the
forward regions of the detector: the LAr electromagnetic end-cap calorimeters (1.375 < |η| < 3.2), and
the LAr hadronic end-cap calorimeter (1.5 < |η| < 3.2). As described below, jets are required to have
|η| < 2.8 such that they are fully contained within the barrel and end-cap calorimeter systems.

The jets used for this analysis are found and reconstructed using the anti-kt algorithm [22, 23] with
a radius parameter R = 0.4. The energy of the jet is corrected for inhomogeneities and for the non-
compensating nature of the calorimeter by weighting the energy deposits in the electromagnetic and the
hadronic calorimeters separately by factors derived from the simulation and validated with the data [24].

1The ATLAS reference system is a Cartesian right-handed coordinate system, with the nominal collision point at the origin.
The anticlockwise beam direction defines the positive z-axis, while the positive x-axis is defined as pointing from the collision
point to the centre of the LHC ring and the positive y-axis points upwards. The azimuthal angle φ is measured around the beam
axis, and the polar angle θ is measured with respect to the z-axis. Pseudorapidity is defined as η = ln[tan( θ2 )], rapidity is defined
as y = 0.5 ln[(E + pz)/(Epz)], where E is the energy and pz is the z-component of the momentum, and transverse energy is
defined as ET = E sin θ.

2

Can get events with many hard jets: background is QCD, but 
QCD usually doesn’t share energy among jets so evenly.

Gluinos

Look like QCD bg; but QCD doesn’t share energy!
among jets evenly



Gluino Bounds in RPV

also see: Evans, Kats, Shih, Strassler 1310.5758
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Figure 14: Expected and observed mass exclusions at the 95% CL in the BR(t) vs BR(b) space for
BR(c)=0%, 50%. Each point in this space is individually optimized and fit. Masses below these values
are excluded in the 6-quark model. Bin centers correspond to evaluated models.
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ATLAS-CONF-2013-091. Exclusions typically ~ 800 GeV.
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1
= 300 GeV. Each point in this space is individually optimized and fit. Masses

bounded between the lower and upper limits are excluded. Bin centers correspond to evaluated models.
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The bound is roughly about or above 800 GeV



Other simplified models and search strategies:

Gluino Bounds in RPV: 
Same-Sign Dilepton

uralness considerations. It is well known that the only superpartners required to be

light (<⇠ 1 TeV) by naturalness are the stops t̃1,2, the Higgsino H̃, and the gluino g̃:

see, for example, Ref. [4] for a clear and careful explanation of this point. Of these,

H̃ has a suppressed production rate due to its weak coupling. Thus, it will not have a

considerable impact on phenomenology as long as it is not the LSP. We will therefore

consider a simplified model [5] with just two states: a gluino g̃ and a stop t̃. All other

SUSY particles are assumed to be either too heavy or too weakly coupled to be rele-

vant at the LHC.2 We assume that the stop is the LSP, as motivated by naturalness

considerations, and that mg̃ > mt̃ +mt. We focus on gluino pair-production, pp ! g̃g̃,

followed by a cascade decay:

g̃ ! t̃t̄, t̃ ! b̄s̄

or

g̃ ! t̃⇤t, t̃⇤ ! bs . (1.1)

The branching ratio for each of these channels is 50%, assuming a purely Majorana

gluino. With probability of 50%, the gluino pair will produce a same-sign top pair

(tt or t̄t̄). If each top decays leptonically, the final state will contain two same-sign

leptons: e±e±, µ±µ±, or e±µ±. Such “same-sign dilepton” (SSDL) events are very rare

in the SM, and the SSDL signature already plays a prominent role in the LHC SUSY

searches. Typically, these searches demand substantial MET in addition to SSDL,

reducing their sensitivity to the RPV cascades (1.1) where the only sources of MET

are neutrinos from leptonic top decays. However, the SSDL signature by itself is so

striking that searches may be conducted even with no (or very low) MET cut, making

them sensitive to RPV SUSY [6–9].3 The first goal of this paper is to estimate the

current bounds on our simplified model using the latest publicly available CMS search

for the SSDL signature [14]. This search uses 10.5 fb�1 of data collected at
p
s = 8

TeV in the 2012 LHC run.

While the current SSDL searches already place interesting bounds on RPV SUSY,

they are not optimized for this class of models. The second goal of this paper is to

suggest ideas for optimizing this search that may be implemented by the experiments

in the future. SSDL events in RPV SUSY have at least 6 parton-level jets. This high

2We do not include a left-handed sbottom b̃L in our simplified model even though its presence at the
same mass scale as the stop is well motivated. In MFV SUSY, the dominant sbottom decays typically
involve the top quark, b̃ ! tc or b̃ ! t�̃�, so that gluino cascades via sbottoms can still produce the
same-sign dilepton signature. Thus we expect that the bounds derived here would qualitatively apply
to most MFV SUSY models with mg̃ > mb̃ as well.

3Other signatures of RPV SUSY with light stops and gluinos have been discussed in Refs. [10, 11].
SSDL signature from resonant slepton production has been discussed in [12].
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Figure 1. 95% CL exclusion of the RPV SUSY simplified model parameter space, based on

the 4 most sensitive search regions (SRs) from the CMS SSDL+MET+b search [14] with 10.5

fb�1 of data collected at the 8 TeV LHC.

independent of the stop mass as long as an on-shell decay g̃ ! t̃t is kinematically

allowed. Note that this bound is somewhat stronger than the bound recently obtained

in Ref. [9] by recasting the ATLAS SSDL+MET+j search [21]. The di↵erence is

especially pronounced in the region of relatively small gluino/stop mass splitting, where

the ATLAS analysis loses sensitivity due to the large MET required (� 150 GeV). The

remaining di↵erences are accounted for by the slightly higher integrated luminosity of

the CMS search, as well as the additional requirement of b-tagged jets imposed by

CMS.

3 Future Searches: Optimizing for the RPV

While the current SSDL+MET+b searches already provide meaningful bounds on RPV

SUSY, they are clearly not optimized for this model. In this section, we suggest ways to

– 6 –

Recasts CMS SSDL+b-jets, 
1212.6194. Bounds again 
~800 GeV. 
!
It’s hard to hide a gluino!

Same-sign dileptons

Bounds again up to 800 GeV !
(Berger, Perelstein, Saelim and Tanedo 2013) 
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Figure 1. 95% CL exclusion of the RPV SUSY simplified model parameter space, based on

the 4 most sensitive search regions (SRs) from the CMS SSDL+MET+b search [14] with 10.5

fb�1 of data collected at the 8 TeV LHC.

independent of the stop mass as long as an on-shell decay g̃ ! t̃t is kinematically

allowed. Note that this bound is somewhat stronger than the bound recently obtained

in Ref. [9] by recasting the ATLAS SSDL+MET+j search [21]. The di↵erence is

especially pronounced in the region of relatively small gluino/stop mass splitting, where

the ATLAS analysis loses sensitivity due to the large MET required (� 150 GeV). The

remaining di↵erences are accounted for by the slightly higher integrated luminosity of

the CMS search, as well as the additional requirement of b-tagged jets imposed by

CMS.

3 Future Searches: Optimizing for the RPV

While the current SSDL+MET+b searches already provide meaningful bounds on RPV

SUSY, they are clearly not optimized for this model. In this section, we suggest ways to
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RPV stops: 
p

p

b̃L

¯̃
bL

W−

W+

t̃1

¯̃t1

j

j

ν̄

l−

l+

ν

j

j

Figure 1. The sbottoms are pair-produced and undergo charged-current decay. When both W s
(either on- or off-shell) decay leptonically, they leave a spectacular signature of two leptons + jets,
which reconstruct two equal-mass resonances. We analyze this signal in Sec. 3 and 4.

invariant masses. Discard the event if the minimal possible mass difference is too big.

This step is essentially identical to the standard multi-jet resonances search [40].

Unfortunately our events with 2 leptons, MET and multijets have an appreciable back-

ground, on top of which we are looking for our bumps. This background is heavily domi-

nated by dileptonic tt̄ (including lτl decay modes). One can show that with an adequate

choice of cuts all other backgrounds (Z → τlτl + jets, DY dileptonic production with jets,

WW + jets) are highly subdominant to tt̄, and we will discuss it in more detail in the

next section. Production cross section for dileptonic tt̄ exceeds our signal by two orders of

magnitude, and even though the extra jets in these events do not come from resonances,

reconstructing “by accident” two pairs of jets with similar invariant masses is common.

The above mentioned steps, plus standard cuts for the overall hardness of the event, are

still not enough in order to see clear bumps on top of this continuous tt̄ background after√
s = 8 TeV run. We therefore use other, less standard discriminators to distinguish the

signal from the background.

There are two additional important features which distinguish our signal from the

background. Usually in a dileptonic tt̄ event, hardness of the entire event correlates with

the hardness of the leptons and the /ET . This happens because the W is often boosted in

the rest frame of the decaying top. However it is not the case in the signal. As we have

explained in Sec. 2, naturalness and visibility motivate mild splittings between the stop

and the sbottom, usually so small that they do not allow emission of the on-shell W . Even

if emission of the on-shell W is allowed it typically has little boost in the rest frame of the

decaying sbottom. This results in relatively small pT (l) and /ET even if the event overall

is very hard. We demonstrate the distribution of /ET and the transverse momentum of

the leading lepton in signal and background events on Fig. 2. This immediately suggest

that just cutting on the tail of high /ET and high pT (l1) should be a decent discriminator
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Figure 4. Signal and background events for the benchmark point 1 after L = 20 fb−1. Red
represents the signal, blue the dileptonic tt̄ background, violet is tt̄, lτl background and grey is
tt̄, τlτl background. On the LH side plot we do not impose b-veto, while on the RH side plot we
do. We conservatively assume b-tag efficiency ∼ 40%.

resonances, and smaller radius usually leads to losing relevant hadronic activity. The

clustering radius is not optimized, but radii of order R ∼ 1.0 are likely to be the most

adequate.

2. Demand precisely two isolated leptons (carrying more than 85% of the pT in the cone

around the lepton with radius R = 0.3) in each event. We demand pT (l1) > 20 GeV

and pT (l2) > 10 GeV.4 The leptons should have |η| < 2.5. We discard the event if the

leptons have same flavor and 81 GeV < mll < 101 GeV to remove the background

from Z + jets events.

3. Demand that the event is sufficiently hard, ST > 400 GeV as defined in Eq. (3.2)

and /ET > 35 GeV.

4. Require four or more hard jets in the event with pT (j4) > 30 GeV. This requirement

is natural since we are trying to reconstruct two resonances of t̃1, which both decay

into two quarks.

5. Using the variables in Eq. (3.3), demand r/ET
< 0.15 and rl < 0.15.

6. Try all possible pairings between four leading jets, and pick up the combination

which minimizes the difference between the reconstructed invariant masses. Discard

the event if the minimal possible mass difference is bigger than 10 GeV.5 If the event

4The logic of the cut on the pT of these leptons is dictated by trigger demands. Unfortunately the

trigger information is not public. However relying on the logic of
√
s = 7 TeV run, we hope that the events

with these leptons should be triggered on with sufficiently high efficiency, namely more than 90% [29].

Parenthetically we notice that if the threshold on the pT of the leading lepton can be lowered, the results

that we performed can be further improved. Moreover, some of the events can be triggered on because they

have sufficient HT or 4 or more sufficiently high-pT jets. We do not try to take into account the events

which do not pass these lepton requirement, however lots of them can be “salvaged” since they pass other

triggers and the ideal search will have to combine several different triggers.
5These cuts are not optimized, but it is also not very different from 7.5% of the resonance mass which

was used in [37] . We explicitly checked our results with respect to variation of this cut. The results are

rather stable as long as this cut does not exceed ∼ 25 − 30 GeV. We leave further optimization of these

cuts to the experimentalists as it is also going to be affected by jet energy resolution.
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FIG. 1: Existing constraints on pp → t̃t̃∗ → 4j from the LHC, reinterpreting the results of [8–11]

to account for stop acceptances relative to coloron or hyperpion acceptances.

to disentangle from the pure QCD backgrounds. Another major complicating aspect at the

LHC is the multijet triggers, which can heavily prescale-away the signatures of stops lighter

than several hundred GeV. Some of the best current direct limits actually come from LEP,

which rules out mt̃ <∼ 90 GeV [30]. A recent search at the Tevatron extends this limit up

to only about 100 GeV [31]. However, so far, direct searches for pair-production of dijet

resonances at the LHC have failed to reach the sensitivity necessary to place constraints for

any stop mass [8–11]. A snapshot of the current situation can be seen in Fig. 1. In fact, the

inevitable rise of trigger thresholds with instantaneous luminosity and beam energy leaves

us to wonder whether the LHC will ever be sensitive to this signal. At the very least, this

trend suggests that masses near the current limit of 100 GeV might be left unexplored.1

One way around these difficulties is to search for the stop as a dijet resonance produced in

the decays of heavier colored superparticles, such as gluinos [33] or sbottoms [6] (or possibly

the heavier stop eigenstate), or to simply set bounds using the associated leptonic activity

and high HT of these decays [34–37]. Naturalness suggests that these colored superparticles

should also not be far above 1 TeV, and might be produced with observable rates. It is also

possible to invoke Minimal Flavor Violation (MFV), which suggests that stops dominantly

decay (with a branching ratio≃ 95%) into b̄s̄ or b̄d̄ [13]. It was pointed out in [38] that

incorporating b-tagging into the triggering might allow the direct stop pair signal to write

to tape with higher efficiency, and subsequent kinematic analysis can discriminate it from

1 For recent projections for the long-term LHC, which begin to achieve exclusion reach but nonetheless do

not pursue signals below 300 GeV, see the recent Snowmass study [32].

2

 (GeV)avgm
0 50 100 150 200 250 300 350 400

)
-1

# 
ev

en
ts

 / 
10

 G
eV

  (
20

 fb

10

210

310

410

510

610

 > 900 GeVTH

 (GeV)avgm
0 50 100 150 200 250 300 350 400

)
-1

# 
ev

en
ts

 / 
10

 G
eV

  (
20

 fb

10

210

310

410

510

610

+  A < 0.1

 (GeV)avgm
0 50 100 150 200 250 300 350 400

)
-1

# 
ev

en
ts

 / 
10

 G
eV

  (
20

 fb

10

210

310

410

510

610

*| < 0.3θ+  |cos

 (GeV)avgm
0 50 100 150 200 250 300 350 400

)
-1

# 
ev

en
ts

 / 
10

 G
eV

  (
20

 fb

10

210

310

410

510

610

 ratios > 0.3
T

+  subjet p
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example stop models are 100 GeV (blue), 200 GeV (purple), and 300 GeV (red).

our stop signal.5 However, the multibody structure of this background is under much better

5 The fact that tt̄ is not a larger contribution is perhaps somewhat surprising, given that for mt̃ ≃ mt,

the inclusive tt̄ cross section is about six times larger than t̃t̃∗. About half of this factor comes from

the tt̄ all-hadronic branching fraction, since only all-hadronic events are efficient at passing the HT cut

and subsequent substructure cuts. It is also important to realize that for high-pT central production, the

difference in cross sections is not as big. (Asymptotically, the factor of six reduces to a factor of two.)

Finally, the large fraction of partial reconstructions with two-body substructure significantly broadens the

8
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Example 2: Stealth SUSY 
An Observation
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
! � factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:
Z

d4�

(2⇡)4
✏1µ (2�µ + kµ

1 ) J(k2, . . . kj) · J(kj+1, . . . kn)
(�2 �m2)((� + k1)2 �m2)

. (1)

1

Figure 1: A schematic of the sectors involved in a general stealth model. Flavor-blind mediation
gives rise to standard MSSM soft SUSY-breaking terms, but the soft terms in the stealth sector are
suppressed relative to this. The MSSM and the stealth sector are weakly coupled, and the size of soft
terms in the stealth sector is suppressed relative to the supersymmetric mass scale of the stealth sector
by a weak-coupling factor.

as the splittings are su�ciently small and the typical multiplicity is low, SUSY can still be
hidden at colliders.)

2.2 Stealth SUSY Is Not Compressed SUSY

It is well-known that, for standard gravity-mediated MSSM spectra, collider signals are more
di�cult to observe as the masses are compressed. For instance, a gluino decaying to a bino
and two quarks, g̃ ! qq̄B̃, is most constrained if the bino is nearly massless, in which case
a significant fraction of the gluino’s energy goes into invisible momentum from the bino. As
the mass splitting is reduced, the typical missing energy in the event is reduced, and limits
from LHC searches grow weaker. Recent discussions of limits on compressed scenarios can
be found in [22]. Superficially, stealth SUSY might sound like a special case of compressed
SUSY: mass splittings are small, missing E

T

is reduced, and limits are weaker. However,
there is a crucial kinematic di↵erence, associated with the fact that in standard compressed
SUSY, the invisible particle is a heavy decay product, whereas in stealth SUSY the invisible
particle is very light. This ensures that the reduced missing E

T

of stealth SUSY is much
more robust against e↵ects like initial state radiation.

To clarify this di↵erence, we will review some basic relativistic kinematics and rules-of-
thumb for hadron collider physics. First, consider the decay of a heavy particle of mass M to
a particle of mass m = M � �M and a massless particle. In the rest frame, the momentum
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Stealth Supersymmetry
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We present a broad class of supersymmetric models that preserve R-parity but lack missing
energy signatures. The key assumptions are a low fundamental SUSY breaking scale and new light
particles with weak-scale supersymmetric masses that feel SUSY breaking only through couplings to
the MSSM. Such particles are nearly-supersymmetric NLSPs, leading to missing ET only from soft
gravitinos. We emphasize that this scenario is natural, lacks artificial tunings to produce a squeezed
spectrum, and is consistent with gauge coupling unification. The resulting collider signals will be
jet-rich events containing false resonances that could resemble signatures of R-parity violation or
of other scenarios like technicolor. We discuss several concrete examples of the general idea, and
emphasize �jj resonances and very large numbers of b-jets as two possible discovery modes.

Introduction. The Large Hadron Collider (LHC) has
embarked on a broad campaign to discover weak scale
supersymmetry (SUSY). Many SUSY (see [1] for a re-
view) searches are now underway, hoping to discover en-
ergetic jets, leptons, and/or photons produced by the de-
cays of superpartners. A common feature of most SUSY
searches [2–5] is that they demand a large amount of
missing transverse energy as a strategy to reduce Stan-
dard Model (SM) backgrounds. This approach is moti-
vated by R-parity, which, if preserved, implies that the
lightest superpartner (LSP) is stable and contributes to
missing energy. In this paper, we introduce a new class of
SUSY models that preserve R-parity, yet lack missing en-
ergy signatures. These models of Stealth Supersymmetry
will be missed by standard SUSY searches.

Even when R-parity is preserved, the lightest SM (‘vis-
ible’ sector) superpartner (LVSP) can decay, as long as
there is a lighter state that is charged under R-parity.
This occurs, for example, when SUSY is broken at a low
scale (as in gauge mediated breaking, reviewed by [6]),
and the LVSP can decay to a gravitino, which is stable
and contributes to missing energy. Here, we consider the
additional possibility that there exists a new hidden sec-
tor of particles at the weak scale, but lighter than the
LVSP. If SUSY is broken at a low scale, it is natural for
the hidden sector to have a spectrum that is approxi-
mately supersymmetric, with a small amount of SUSY
breaking first introduced by interactions with SM fields.

The generic situation described above is all that is re-
quired to suppress missing energy in SUSY cascades. The
LVSP can decay into a hidden sector field, X̃, which we
take to be fermionic, and heavier than its scalar super-
partner, X. Then, X̃ decays to a stable gravitino and its
superpartner, X̃ ⇤ G̃X, and X, which is even under R-
parity, can decay back to SM states like jets, X ⇤ jj. Be-
cause the spectrum in the hidden sector is approximately
supersymmetric, the mass splitting is small within the X
supermultiplet, mX̃ �mX ⇥ mX̃ . Therefore, there is no

phase space for the gravitino to carry momentum: the
resulting gravitino is soft and missing energy is greatly
reduced. We illustrate the spectrum, and decay path,
in figure 1. We emphasize that this scenario requires no
special tuning of masses: the approximate degeneracy
between X and X̃ is enforced by a symmetry: supersym-
metry!
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FIG. 1. An example spectrum and decay chain for Stealth
SUSY with gluino LVSP.

A hidden sector may therefore eliminate missing en-
ergy, making the SUSY searches ine�ective at the LHC.
Moreover, the LEP and Tevatron limits on supersym-
metry mostly rely on missing energy, and do not apply
to these models. This raises the interesting possibility
of hidden SUSY: superpartners may be light enough to
have been produced copiously at LEP and the Tevatron,
yet missed, because their decays do not produce miss-
ing energy. Our proposal is morally similar, but more far
reaching, than the idea that the higgs boson may be light,
but hidden from LEP by exotic decay modes (see the ref-
erences within [7], and more recently [8, 9]). It also has a
great deal in common with SUSY models containing Hid-
den Valleys [10], though in previous discussions ⌅ET has
been suppressed by longer decay chains, rather than su-
persymmetric degenerate states. Fortunately, there are a
number of experimental handles that can be used to dis-
cover stealth supersymmetry. Possible discovery modes

FIG. 1. An example spectrum and decay chain for Stealth SUSY with gluino LVSP.

cascade, if its mass fits in the small available phase space: we can generalize to X̃ � ÑX for

a variety of light neutral fermions Ñ . Because gravitino couplings are 1/F -suppressed, such

decays are often preferred if available. Then, we need not assume low-scale SUSY breaking;

gravity mediation can also give rise to this scenario, if a suppressed SUSY-breaking splitting

between X̃ and X is natural. This calls for sequestering, an idea that already plays a key

role in such scenarios as anomaly mediation [4].

A hidden sector may therefore eliminate missing energy, making the SUSY searches inef-

fective at the LHC. Moreover, the LEP and Tevatron limits on supersymmetry mostly rely

on missing energy, and do not apply to these models. This raises the interesting possibility

of hidden SUSY: superpartners may be light enough to have been produced copiously at

LEP and the Tevatron, yet missed, because their decays do not produce missing energy.

Our proposal is morally similar, but more far reaching, than the idea that the higgs boson

may be light, but hidden from LEP by exotic decay modes (see the references within [5],

and more recently [6]). It also has a great deal in common with SUSY models containing

Hidden Valleys [7], though in previous discussions ⇥ET has been suppressed by longer decay

chains, rather than supersymmetric degenerate states. Fortunately, there are a number of

experimental handles that can be used to discover stealth supersymmetry. Possible discovery

modes that we emphasize in this paper include highly displaced vertices, triple resonances

such as �jj, and the presence of a very large number of b-jets.
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More new simplified models: decays of lightest superparticle in the!
visible sector into a hidden sector (S: a SM gauge singlet)
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2.4 Stop Pair Production

2.5 Stop–Higgsino Associated Production

Interesting because the t̃Rb̄H̃� coupling is the top Yukawa yt. (refer to MR’s work in progress with Adam
Martin and Felix Yu?)

2.6 Similarities and Differences with R-Parity Violating Simplified Models
mention work by Jared and Yevgeny [55], other Rutgers work [8]

3 Recasting Existing Searches

table of the CMS and ATLAS searches that we have used
ATLA final states with large jet multiplicity [56]
ATLAS massive particles in multijet channel (RPV) [57]
CMS same-sign dileptons and jets [58] (same as SUS-13-013)
CMS search for stops decaying to h or Z [59]
general remarks on our recasting procedure
for some searches we did not code we use the publicly available code CheckMATE [60]
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Little MET

Lots of W/Z/h/t ! 

LSP: gravitino or axino, naturally light and carry away little MET;
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Figure 4

it would be useful to have an official recasting from the experiments themselves [61]

4 Constraints on Gluinos

5 Constraints on Stops

studies of jet multiplicity in tt̄ events by ATLAS [62] and CMS [63]

6 Constraints on Higgsinos

7 Outlook
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It is harder to bound with current searches the direct stop !
productions in the simplified models of stops!
!
One possible way is to use the jet counts in top events 

3

verse momentum of the two neutrinos; the W-boson invariant mass of 80.4 GeV; and the equal-
ity of the top and antitop quark masses. The remaining ambiguities are resolved by prioritising
those event solutions with two or one b-tagged jets over solutions using jets without b-tags.
The top mass can be experimentally reconstructed in a broad range due to resolution effects.
To take this into account, the assumed top quark mass for each lepton-jet combination is varied
between 100 GeV and 300 GeV in steps of 1 GeV. Finally, among the physical solutions, the
solution of highest priority and with the most probable neutrino energies according to a simu-
lated spectrum of the neutrino energy is chosen. The kinematic reconstruction yields no valid
solution for about 12% of the events, which are excluded for further analysis.

In Fig. 1 the multiplicity distributions of the selected reconstructed jets are shown for the com-
bined dilepton event sample, compared to Standard Model predictions. Standard model back-
ground samples are simulated with MADGRAPH, POWHEG or PYTHIA, depending on the pro-
cess. The main background contributions stem from Z/g⇤ (referred to as Drell–Yan, DY in the
following), single top quark (tW-channel) and W-boson production with additional jets (W +
jets in the following). Smaller background contributions come from diboson (WW, WZ and
ZZ) and QCD multijet events. For comparison with the measured distributions, the events in
the simulated samples are normalised to an integrated luminosity of 19.6 fb�1 according to their
cross section predictions. The latter are taken from NNLO (W + jets and DY), NLO+NNLL (sin-
gle top quark tW-channel [26]), NLO (diboson [27]) and LO (QCD multijet [14]) calculations.
The tt sample is normalised to the cross section measured in situ in the same phase space. Only
tt̄ events with two leptons (electron or muon) in the final state are considered as signal. All
other tt̄ events, specifically those originating from decays via t leptons, are considered as back-
ground. The data are reasonably well described by the simulation, both for the low transverse
momentum threshold of 30 GeV and the higher thresholds of 60 GeV and 100 GeV, although
the simulation seems to predict slightly higher jet multiplicity than data. However, it has been
verified that the result of the measurement is unaffected by the small remaining differences.
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Figure 1: Reconstructed jet multiplicity distribution after event selection for all jets with trans-
verse momenta of at least 30 GeV (left), 60 GeV (middle) and of at least 100 GeV (right). The
tt sample is simulated using MADGRAPH. ”tt signal” refers to the events decaying dileptoni-
cally, ”tt other” refers to the rest of the decay modes, including tt decays into prompt t-leptons.
Notice that in all cases the event selection requires two jets with pT >30 GeV.
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ity of the top and antitop quark masses. The remaining ambiguities are resolved by prioritising
those event solutions with two or one b-tagged jets over solutions using jets without b-tags.
The top mass can be experimentally reconstructed in a broad range due to resolution effects.
To take this into account, the assumed top quark mass for each lepton-jet combination is varied
between 100 GeV and 300 GeV in steps of 1 GeV. Finally, among the physical solutions, the
solution of highest priority and with the most probable neutrino energies according to a simu-
lated spectrum of the neutrino energy is chosen. The kinematic reconstruction yields no valid
solution for about 12% of the events, which are excluded for further analysis.

In Fig. 1 the multiplicity distributions of the selected reconstructed jets are shown for the com-
bined dilepton event sample, compared to Standard Model predictions. Standard model back-
ground samples are simulated with MADGRAPH, POWHEG or PYTHIA, depending on the pro-
cess. The main background contributions stem from Z/g⇤ (referred to as Drell–Yan, DY in the
following), single top quark (tW-channel) and W-boson production with additional jets (W +
jets in the following). Smaller background contributions come from diboson (WW, WZ and
ZZ) and QCD multijet events. For comparison with the measured distributions, the events in
the simulated samples are normalised to an integrated luminosity of 19.6 fb�1 according to their
cross section predictions. The latter are taken from NNLO (W + jets and DY), NLO+NNLL (sin-
gle top quark tW-channel [26]), NLO (diboson [27]) and LO (QCD multijet [14]) calculations.
The tt sample is normalised to the cross section measured in situ in the same phase space. Only
tt̄ events with two leptons (electron or muon) in the final state are considered as signal. All
other tt̄ events, specifically those originating from decays via t leptons, are considered as back-
ground. The data are reasonably well described by the simulation, both for the low transverse
momentum threshold of 30 GeV and the higher thresholds of 60 GeV and 100 GeV, although
the simulation seems to predict slightly higher jet multiplicity than data. However, it has been
verified that the result of the measurement is unaffected by the small remaining differences.
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Figure 1: Reconstructed jet multiplicity distribution after event selection for all jets with trans-
verse momenta of at least 30 GeV (left), 60 GeV (middle) and of at least 100 GeV (right). The
tt sample is simulated using MADGRAPH. ”tt signal” refers to the events decaying dileptoni-
cally, ”tt other” refers to the rest of the decay modes, including tt decays into prompt t-leptons.
Notice that in all cases the event selection requires two jets with pT >30 GeV.

What are the correct error bars?
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Figure 2. The reconstructed jet multiplicities for the jet p
T

threshold of 25 GeV, in the (a)
electron (e + jets) and (b) muon (µ + jets) channel. The data are compared to the sum of the tt̄

POWHEG+PYTHIA MC signal prediction and the background models. The shaded bands show
the total systematic and statistical uncertainties on the combined signal and background estimate.
The errors bar on the black points and the hatched area in the ratio, show the statistical uncertainty
on the data measurements.
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Figure 3. The reconstructed jet p
T

for the electron (e+ jets) channel (a) leading and (b) fifth jet
and muon channel (µ+jets) (c) leading and (d) fifth jet. The data are compared to the sum of the tt̄
POWHEG+PYTHIA MC signal prediction and the background models. The shaded bands show
the total systematic and statistical uncertainties on the combined signal and background estimate.
The error bars on the black points and the hatched area in the ratio, show the statistical uncertainty
on the data measurements.
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ATLAS 1407.0891: jet multiplicity and pT distribution;!
Data: SM-like; can be used to bound new physics!



Look forward to the future: Cohen et.al 2013; Cohen et. al 2014
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Figure 12: Expected 5� discovery contours for the
p
s = 14 TeV LHC [left] and a 100 TeV proton

collider [right] with 3000 fb�1. The different curves correspond to various assumptions for the systematic
uncertainty on the background: 5% [green], 10% [red], 20% [blue], and 30% [black].

pileup follow the distributions without pileup closely, especially in the search regions. We also
observe that the the largest effects of pileup is at at low values of Emiss

T -significance, and are
therefore suppressed by the requirement that Emiss

T /
p
HT > 15 GeV1/2.

The impact of pileup on the discovery significance [left] and limits [right] are shown in Fig. 14.
Given that the HT and Emiss

T distributions are effectively unchanged, it is not surprising that the
results are very similar with and without pileup. The contours with and without pileup each lie
within the other’s 1� confidence interval, and we find no evidence that this reflects anything other
than statistical fluctuations for a few signal points. We can safely assume that pileup has a small
impact on this analysis.
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Figure 13: Signal and background Emiss
T [left] and HT [right] distributions at the 14 TeV LHC for events
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crossing [dashed]. Additional interactions increase the background rates at low Emiss

T , but have little impact
on the final analysis due to the tight Emiss

T cuts.
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neutralino limit. A 2 TeV stop could be discovered in the compressed region of parameter

space. It is possible to exclude neutralino masses up to 3 TeV in most of the parameter

space.

All of the results presented here have been obtained with very minimal cut-flows that do

not rely on b-tagging or jet substructure techniques. Additional refinements should increase

the search sensitivity, at the price of making assumptions on the future detector design.
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FIG. 5: Projected discovery potential [left] and exclusion limits [right] for 3000 fb�1 of total
integrated luminosity. At each signal point, the significance is obtained by taking the smaller CLs

between the heavy stop and compressed spectra search strategies, and converting CLs to number
of �’s. The blue and black contours (dotted) are the expected (±1�) exclusions/discovery contours
using the heavy stop and compressed spectra searches.

D. Di↵erent Luminosities

An open question in the design for the 100 TeV proton-proton collider is the luminosity

that is necessary to take full advantage of the high center of mass energy. As cross sections fall

with increased center of mass energy, one should expect that higher energy colliders require

more integrated luminosity to fulfill their potential. The necessary luminosity typically

scales quadratically with the center of mass energy, meaning that one should expect that

the 100 TeV proton-proton collider would need roughly 50 times the luminosity of the LHC

at 14 TeV.

This section shows the scaling of our search strategy as a function of the number of

collected events. As the luminosity changes, we re-optimize the /ET cut. For integrated

luminosities of 300 fb�1, a /ET cut of 3 TeV is chosen. For 30000 fb�1, a /ET cut of 5 or 6

TeV is chosen, depending on the mass point. Table III lists the number of background events



Summary: !
!
It is difficult to hide gluinos even in the hidden natural scenarios!!
The bounds are around TeV in most simplified models. !
From the naturalness point of view, gluinos shall not be much !
heavier above 1 TeV:!
!
Discover gluinos around the corner or corner naturalness?!
!
Stops and higgsinos are more challenging due to small production!
rates. For the stops, close in the gaps of stops with masses 
close to top (e.g: top production cross section: !
Czakon, Mitov, Papucci, Ruderman, Weiler 2014; ATLAS 2014)!
and stops with more complicated decay topologies.



COSMIC PROBES
Indirect probes !
!
Particularly interesting for wino DM in mini-split scenario!
based on anomaly mediation;!
!
Direct detection challenging for wino DM !
!
!
But wino DM has a large annihilation cross section with Sommerfeld!
enhancement!
!

flavor sectors, and is under increasing strain from direct searches at the LHC [5]. The second route is to postulate a
spectrum of the “mini-split” type, with scalars somewhat (typically a loop factor) heavier than gauginos. This type
of spectrum is predicted by both the simplest version of anomaly mediation [6, 7] and a wide variety of moduli
mediation scenarios [8–13]. Initially it was treated as an embarrassing prediction to be solved by working harder
at model-building [6, 7]. However, its virtues include simplicity and amelioration of SUSY flavor and CP prob-
lems, so in the last decade it has begun to be considered as a viable possibility despite requiring fine-tuned EWSB,
beginning with a prescient paper by James Wells [14] and continuing with a variety of subsequent work on “split
SUSY” [12, 13, 15–20]. This route gives up on strict naturalness; it allows supersymmetry to explain and stabilize
most of the hierarchy between weak and Planck scales, but has significant residual fine-tuning.

For the second route, the most natural candidate for dark matter is wino dark matter. It could have a thermal
history, if its mass is about 2.8 TeV [21, 22].1 For lighter winos, due to their large tree-level annihilation rate to W
bosons, achieving the measured relic abundance requires a non-thermal history, e.g. the Moroi–Randall scenario
with a late-decaying modulus [24]. It has been argued that moduli with mass of order O (100 TeV) are consistent
with BBN and lead to the right relic abundance for light winos with mass about a few hundred GeV or lower [24–27].
Given that generically, moduli masses are set by the SUSY breaking scale and of order the gravitino mass [28],
this non-thermal history fits nicely into the “split SUSY” scenarios with scalars and gravitino at about 100 TeV.
Pure wino dark matter is challenging to directly detect due to its small cross section for scattering off nucleons,
�p ⇠ 10�47 cm2 [29, 30]. On the other hand, it has a large self-annihilation cross section that current indirect dark
matter searches are already sensitive to.

In general, it will be useful to study the implications of indirect as well as direct dark matter searches for some
benchmark models of neutralino dark matter classified by dark matter composition and cosmological histories:

1. Single state neutralino dark matter

(a) Pure wino dark matter: thermal scenario with mass at about 2.8 TeV; non-thermal scenarios, such as
the decaying moduli scenario for light winos with mass around a couple of hundred GeV or alterna-
tive scenarios like decaying gravitinos or hidden-sector gluinos [31] (we do not consider winos heavier
than⇡ 3 TeV, which in these well-motivated nonthermal cosmologies would have too large a relic abun-
dance);

(b) Pure bino dark matter: thermal co-annihilation scenario with light sleptons; non-thermal scenarios
with the late-decaying particles decaying dominantly to standard model particles (this cannot be real-
ized in the moduli scenario or gravitino scenario);

(c) Pure higgsino dark matter: thermal scenario with mass at 1 TeV; non-thermal scenario for light higgsino
similar to the ones discussed for pure wino case. (Strictly speaking, pure higgsinos are Dirac and have
a large direct detection cross section, but we assume a very small mixing with a bino or wino, enough
to split the two neutral Majorana higgsino mass eigenstates and forbid elastic scattering.)

2. Mixed state neutralino dark matter: bino/higgsino, wino/higgsino, or bino/wino/higgsino scenarios (bino
and wino mix through higgsino). The thermal history is the well-tempered scenario [32] (for earlier refer-
ences, see [33–35]) while the non-thermal history could be one of or a mixture of those for the single states
depending on the composition;

3. Multi-component dark matter: the neutralino is only one component of dark matter with either a thermal
or non-thermal history while other candidates such as axions constitute the rest of the dark matter.

In this paper, we will first study constraints of indirect searches for gamma rays on the relic abundance of wino
dark matter, in the case that it is all of the dark matter or just one of the components of dark matter, and the
associated astrophysical uncertainties on the constraints. Although the case of thermal wino dark matter is not
our primary focus, we will assess its status; the implication of the HESS line search for the case of thermal winos
was first noticed by the authors of Ref. [36], to which our work is complementary. (In fact, thermal winos were
already constrained by HESS continuum data, as noted in Ref. [22].) The constraints we describe have profound

1We use the PLANCK +WP value, ⌦DMh2 = 0.1199± 0.0027 at 68% CL [23] and extract the relic abundance from Figure 2 of [22]. The result
extracted from Figure 2 of [21] has a thermal relic abundance for a mass closer to 3.1 TeV.

2

Hisano, Ishiwata, Nagata and Takesako; Hill, Solon 2011

Figure 2: Dominant diagram in the wino or higgsino annihilation into photons at the one-loop level, in the limit when the
neutralino is heavy.

Matched calculation
Fermi H1305.5597L
HESS H1301.1173L

100 300 500 103 300010-28

10-27

10-26

10-25

10-24

10-23

10-22

mW
é @GeVD

H2s
gg
+
s
Zg
Lv@c

m
3 êsD

Figure 3: Constraints on the cross section of wino annihilation into photon(s). The burgundy solid curve is the wino anni-
hilation cross section by matching one-loop calculation [55–58] and the Sommerfeld enhancement calculation [51]. Details
can be found in Appendix B. The purple curve is the constraint from the Fermi line search [53] assuming an NFW profile with
⇢(r�) = 0.4 GeV/cm3 and r� = 8 kpc. The purple (lighter purple) bands are derived by varying ⇢(r�) of NFW (Einasto) dark
matter profiles as discussed in the text. The green curve is the constraint from the HESS line search [54] assuming an NFW
profile with ⇢(r�) = 0.4 GeV/cm3 and r� = 8 kpc. The green (lighter green) bands are derived by varying ⇢(r�) of NFW (Einasto)
dark matter profiles as discussed in the text. The vertical dashed orange line marks the wino with thermal relic abundance
⌦thermalh2 = 0.12.

2.2.2 Constraints from Fermi and HESS line searches

Both the Fermi and HESS collaborations have reported dark matter constraints from photon line searches in the
galactic center [53, 54]. The constraints rule out a cross section h�v i ⇠ 10�27 � 10�26 cm3/s depending on the
dark matter mass. The quantitative bounds are presented in Fig. 3. The Fermi line search defined four regions
of interest for annihilating dark matter, with each region optimized for a particular dark matter halo profile. The
HESS line search has one search region of interest contained within a 1� circle near the galactic center, and hence
is weakened more for less concentrated halo profiles. Both Fermi and HESS analyses assumed r� = 8.5 kpc and

6



Wino thermal relic
HESS line H1301.1173L
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Slatyer 2013; First notice of HESS constraint on!
wino DM: Cirelli, Stumia and Tamburini 2007!
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Combined with constraints from continuum photons from galactic center,!
pure wino DM in the whole range from 100 GeV to 3 TeV (with the possible!
exception of a range between 700 GeV and 1.4 TeV) is ruled out for both NFW!
and Einasto profiles.



Wino thermal relic
HESS line H1301.1173L
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Fermi dwarf 4 yrs
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Minimal radius of the inner constant density core!
that will remove the HESS bound

Decide between two possibilities: !
Pure wino DM is ruled out assuming a cusp profile: NFW or Einasto profiles;!
Milky Way has a cored profile with a large core radius !
(Milky Way’s own cusp/core problem?)



Wino thermal relic
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From the top-down view, it is easy to get a non-thermal contribution to!
the DM relic abundance in high-scale unnatural SUSY.!
!
In high-scale SUSY, there exist ubiquitously heavy particles with masses !
tied up with the SUSY breaking scale and gravitational coupling strengths:!
gravitinos, moduli. Their late-time decays before BBN could populate DM! !
!
In this context, non-thermal production arises generically and shall be taken !
more seriously. 



generated from DM annihilation into ��/�Z . Each photon in the final state carries away energy
about the DM mass.

As demonstrated by Fig. 4 in Ref. [21], the thermal wino relic abundance (computed in [44,
56]) is ruled out by the indirect constraint for mW̃ above 1.5 TeV assuming standard cuspy (NFW
and Einasto) DM halo profiles. Since the wino relic abundance is a sum of the thermal contribu-
tion and the non-thermal contribution from gravitino decays, there is room for a non-thermal
relic abundance only for wino with mass below 1.5 TeV.6

We express the constraints on allowed non-thermal⌦W̃ h2 as an upper bound on the inflaton
reheating temperature TR as a function of wino mass for m3/2 = 100 TeV and 104 TeV in Fig. 1.
In this figure, we assumed that freeze-in contribution to the primordial gravitino relic abun-
dance is negligible. As mentioned at the end of last section, taking into account of the freeze-in
contribution will only make the upper bound stronger.
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Figure 1: Upper bounds on inflaton reheating temperature TR as a function of wino mass for
m3/2 = 100 TeV (left) and m3/2 = 104 TeV (right). The blue, purple, green curves with bands around
them correspond to constraints from Fermi galactic center continuum, Fermi line search and HESS line
search respectively. The bands are derived by varying parameters of NFW (Einasto) dark matter pro-
files in the 2� range [60]. The burgundy dot-dashed line corresponds to the upper bound derived from
requiring ⌦W̃ h2 = 0.12.

The left panel of Fig. 1 stays almost unmodified for 10 TeV < m3/2 < 104 TeV as the wino
annihilation is ineffective and the relic abundance is independent of m3/2 as can be seen from
the first term in Eq. (10). The reheating temperature is bounded to be below 3⇥ 109 GeV for
the whole wino mass range. For wino mass close to 1.5 TeV, the HESS constraint pushes the
reheating temperature to be even lower to about a few times 108 GeV.

In the right panel of Fig. 1, the gravitino mass is set to be 104 TeV. In this case, for light
wino with mass below 300 GeV, wino annihilation becomes effective and its relic abundance
is insensitive to the reheating temperature as shown in Eq. (8). Therefore, the upper bound

6There could be different non-thermal scenario such as moduli scenario [57]. The implications of indirect
detection for moduli scenario have been discussed in [21, 58, 59].
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Heavy unstable gravitinos almost all the winos produced from gravitino decays survive and hence, its relic abundance is
proportional to the total gravitino abundance.
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where the first(second) term in the square brackets in the second line originates from decays
of gravitino produced by the thermal scattering (freeze-in). We want to caution the reader that
there is no sharp boundary value of m3/2 that separates the two cases with “effective” and “inef-
fective” wino annihilations in Eq. (??) and Eq. (??). In Sec. ??, we will derive more precise bounds
by solving the Boltzmann equations numerically.

From Eq. (??), we could see that for gravitino at or below PeV scale as in the mini-split sce-
nario, to avoid overproduction of DM from gravitino decays, the reheating temperature has to
be below

TR Æ 2⇥109 GeV
✓

1 TeV
mW̃

◆
, (12)

assuming a negligible contribution from freeze-in. This upper bound would only be pushed
even lower if the freeze-in contribution is comparable to or even dominate over the thermal
scattering contribution. Similarly, one could obtain an upper bound on the scalar soft mass

ms Æ 104 TeV
Å m3/2

100 TeV

ã2/3✓1 TeV
mW̃

◆1/3
. (13)

3 Indirect Detection Constraints

As wino DM has a large annihilation rate, there are strong constraints on its relic abundance
from indirect detection searches looking for its annihilation products [?, ?, ?, ?, ?]. Thus in the
wino DM case, one could obtain a stronger upper bound on the reheating temperature com-
pared to Eq. (??) which holds for generic neutralino DM. In this section, we present a numerical
evaluation of the constraints on the reheating temperature and SUSY scalar mass scale in the
scenario with wino as (a component of) DM.

There are multiple indirect search channels for wino DM [?]. In general DM indirect detec-
tion searches for decay and annihilation products of DM in fluxes of cosmic rays containing
charged particles or photons or neutrinos. We focus on searches looking for excesses in the
photon continuum spectrum of satellite dwarf galaxies [?, ?], or our galactic center [?] and
monochromatic photon line [?,?].5 A continuum photon spectrum is generated from either the

5The first paper on the HESS search constraint for wino DM is Ref. [?].

6

Independent of gravitino mass!

Fan, Jain, Ozsoy 2014

For heavier gravitinos with mass above 104 TeV; 	


DM produced from gravitino decays could annihilate effectively, 	


reducing the number density down to	



2.2 Wino Relic Abundance from Gravitino Decays

In this section, we will specify the neutralino DM to be wino yet the discussions hold for other
neutralino DM such as higgsino DM. We will also focus on gravitino with mass above 10 TeV
so that its lifetime is shorter than a second and its decays do not spoil the successful Big Bang
Nucleosynthesis [41].

The relic abundance of wino DM is a sum of the thermal contribution and the non-thermal
contribution from gravitino decays. The non-thermal contribution could be computed numer-
ically by solving the Boltzmann equations Eq. (2.1) - (2.3) in Ref [42]. The primordial gravitino
relic abundance in Eq. (2) and (4) discussed in the previous section is an input to the Boltzmann
equations. In solving the Boltzmann equations, we took g ⇤(T ) and g ⇤,s (T ) from a table in the
DarkSUSY code [43].3 As the Sommerfeld effect becomes important for heavy winos [42,44,45],
we computed the temperature-dependent value of h�effv i from a preliminary version 1.1 of the
DarkSE code [46], taking into account not only the Sommerfeld effect but also co-annihilation
among different wino species.4 As an input to this code, we have used the two-loop splitting
between the neutral and charged winos from Ref. [47]. For wino masses of about a TeV and
temperatures around a GeV, the Sommerfeld enhancement can be as large as 3 in h�effv i.

The non-thermal contribution to wino relic abundance from gravitino decays changes para-
metrically when the gravitino mass m3/2 increases. For large gravitino mass, the wino LSP pro-
duced from the gravitino decays can annihilate effectively due to the high temperature of the
plasma at the time of gravitino decay. More specifically, we find that DM annihilation is efficient
for m3/2 ¶ 104 TeV. This can be seen by estimating the “decay temperature" as in [42]

T3/2 ⌘
✓

10
g ⇤(T3/2)⇡2

M 2
pl�

2
3/2

◆1/4
⇡ 2.2 GeV
✓

75.75
g ⇤(T3/2)

◆1/4«NG

12

Å m3/2

104 TeV

ã3/2
(7)

At such high temperature, winos produced from the gravitino decays annihilate rapidly, reduc-
ing the number density n W̃ down to a critical value n c ,W̃ ' 3H/ h�effv i |T=T3/2 at which winos can
no longer annihilate. This critical value n c ,W̃ behaves as an attractor in determining relic abun-
dance of wino LSP, making it independent of the primordial gravitino relic abundance. In this
case, the wino relic abundance is given as

⌦(a nn )
W̃

h2 ⇡ mW̃
3H

h�effv is
��

T=T3/2

✓
h2

⇢c ,0/s0

◆
, (8)

⇡ 0.12
✓

75.75
g ⇤(T3/2)

◆1/4Å mW̃

1 TeV

ãÇ1.2⇥10�7 GeV�2

h�effv i (T3/2)

åÅ m3/2

104TeV

ã�3/2

(9)

where we used Hubble parameter H (T ) =
p

g ⇤(T )⇡2/90T 2/M p , entropy density s (T ) = 2⇡2 g ⇤,s (T )T 3/45.
We also assumed g ⇤ ' g s ,⇤ for the temperature of interest. We will present a more precise nu-
merical evaluation in the following section.

For a lighter gravitino within the mass range, 10 TeV <m3/2 < 104 TeV, the gravitino starts
to decay at such a low temperature that the annihilation of wino DM is ineffective. In this case,

3We keep factors involving @ log g ⇤(s )(T )/@ log T in the Boltzmann equation for ⇢rad.
4This version was kindly provided by Andrzej Hryczuk to JF in a previous project.
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Gravitinos 10 - 104 TeV (mini-split), 	


decays of gravitinos populate the DM 

almost all the winos produced from gravitino decays survive and hence, its relic abundance is
proportional to the total gravitino abundance.

⌦(no�a nn )
W̃

h2 =
mW̃

m3/2

⇣
⌦UV

3/2 h2+⌦F I
3/2h2
⌘

⇡ 0.12
Å mW̃

1 TeV

ã2
4
✓

TR

2⇥109 GeV

◆
+10�3

✓
100 TeV

m3/2

◆2X

i

g i

Å mi

1000 TeV

ã33
5 , (10)

⌦(no�a nn )
W̃

h2 =
mW̃

m3/2

⇣
⌦UV

3/2 h2+ · · ·
⌘

⇡ 0.12
Å mW̃

1 TeV

ã✓ TR

2⇥109 GeV

◆
+ · · ·
�

(11)

where the first(second) term in the square brackets in the second line originates from decays
of gravitino produced by the thermal scattering (freeze-in). We want to caution the reader that
there is no sharp boundary value of m3/2 that separates the two cases with “effective” and “inef-
fective” wino annihilations in Eq. (??) and Eq. (??). In Sec. ??, we will derive more precise bounds
by solving the Boltzmann equations numerically.

From Eq. (??), we could see that for gravitino at or below PeV scale as in the mini-split sce-
nario, to avoid overproduction of DM from gravitino decays, the reheating temperature has to
be below

TR Æ 2⇥109 GeV
✓

1 TeV
mW̃

◆
, (12)

assuming a negligible contribution from freeze-in. This upper bound would only be pushed
even lower if the freeze-in contribution is comparable to or even dominate over the thermal
scattering contribution. Similarly, one could obtain an upper bound on the scalar soft mass

ms Æ 104 TeV
Å m3/2

100 TeV

ã2/3✓1 TeV
mW̃

◆1/3
. (13)

3 Indirect Detection Constraints

As wino DM has a large annihilation rate, there are strong constraints on its relic abundance
from indirect detection searches looking for its annihilation products [?, ?, ?, ?, ?]. Thus in the
wino DM case, one could obtain a stronger upper bound on the reheating temperature com-
pared to Eq. (??) which holds for generic neutralino DM. In this section, we present a numerical
evaluation of the constraints on the reheating temperature and SUSY scalar mass scale in the
scenario with wino as (a component of) DM.

There are multiple indirect search channels for wino DM [?]. In general DM indirect detec-
tion searches for decay and annihilation products of DM in fluxes of cosmic rays containing
charged particles or photons or neutrinos. We focus on searches looking for excesses in the
photon continuum spectrum of satellite dwarf galaxies [?, ?], or our galactic center [?] and
monochromatic photon line [?,?].5 A continuum photon spectrum is generated from either the

5The first paper on the HESS search constraint for wino DM is Ref. [?].
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where we used Eq. (15) and (18) assuming Ncmb = 60.
After inflation ends, inflaton starts to oscillate around the minimal of the potential. Its cou-

pling to other particles induce conversion of the inflationary energy into the SM degrees of
freedom. The reheating temperature is then determined by the inflaton decay width �� as

TR =
✓

10
g ⇤(TR )⇡2

◆1/4p
��M p ⇡ 0.3
p
��M p , (24)

where we took g ⇤(TR )⇡ 200. The simplest possibility is that inflatons decay through renormal-
izable couplings to lighter degrees of freedom. For example, the decay width is �� = y 2m�/(8⇡)
for inflaton coupling to fermions with a Yukawa coupling y . Then the reheating temperature is

TR ⇡ 3⇥1011 GeV
Å y

10�3

ã« m�

1013 GeV
. (25)

Notice that Yukawa coupling larger than 10�5 only makes sense in supersymmetric scenarios
where the one-loop quantum correction does not modify the inflaton potential much due to a
cancelation between fermionic and bosonic contributions.

If the renormalizable couplings of inflaton to lighter particles are negligible (e.g., y < 10�5),
it would always decay through Planck-scale suppressed operators. At the leading order, the
inflaton decay width and the corresponding reheating temperature are

�� =
c m 3

�

M 2
p

, TR ⇡ 5⇥109 GeV
p

c
Å m�

1013 GeV

ã3/2
, (26)

where c is some order one number determined by quantum gravity. From the point of view of
operator analysis, this decay is induced by dimension five operators such as �F F̃/M p with F
the field strength of SM gauge interaction. In other words, the BICEP2 results imply a minimal
reheating temperature at or above 109 GeV!

One should worry about the caveats of the very simple estimate above. One question is
whether the leading order gravitational couplings through dimension five operators could be
suppressed and the reheating temperature could be even lower. This could be true if the infla-
ton is charged under a gauge symmetry (global symmetry is not respected by quantum gravity)
and then dimension five operators are forbidden. This is an interesting possibility but we will
not explore it here further but leave it for future work. Another concern is that since reheating
is a very complicated process (for a review, see [73]), our simple estimate of a minimal reheat-
ing temperature might be misleading. In particular, there could exist a preheating era in which
particles coupled to the inflaton are resonantly produced by parametric resonance and the tem-
perature of the plasma could be higher than the reheating temperature. Yet preheating might
make the tension between the upper bound on TR derived in Sec. 2 and Sec. 3 and the lower
bound on TR derived in this section even worse. The reason is that gravitinos could be over-
produced non-thermally during the preheating era [74–78].8 Nonetheless, it is interesting and
important to carry out a thorough study of preheating/reheating in sound (stringy) inflation
models.

8In certain supergravity models, the non-thermal production could be suppressed [79, 80].
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In high-scale inflation scenario, !
given order O(0.1) tensor-to-scalar ratio

where differential e -folds d N =Hd t . Then one could write the field displacement between the
time when CMB fluctuations exited the horizon at Ncmb and the end of inflation at Nend in terms
of an integral

��
M p
=
Z Ncmb

Nend

d N

«
r

8
. (17)

Setting Nend = 0 and given that Ncmb ⇡ (40� 60) and r is approximately constant during the
inflation era, one obtains the famous Lyth bound [67]

��
M p
⇡ 6.7
✓

Ncmb

60

◆«
r

0.1
. (18)

Inspecting Eq. (15) and (18), one could see immediately that the BICEP2 result points to-
wards a large field displacement of order Planck scale during inflation or in other words, large
field inflation. Existing examples of large-field inflation include chaotic inflation where a single
power term dominates the potential [68, 69]

V (�) =�p�
p , (19)

and natural inflation with a periodic potential resulting from a shift symmetry the inflaton en-
joys [70]

V (�) = V0

✓
1+ cos
✓
�

f

◆◆
. (20)

4.2 Implication for Reheating Temperature

Now we want to estimate the inflaton mass scale. We start with a toy model of large field infla-
tion V =m 2

��
2. In this model, the scalar fluctuation amplitude squared is

�2
s (k ) =

m 2
�

M 2
p

N 2
cmb

3⇡2
, (21)

where Ncmb = �2
cmb/(4M 2

p ). Given the normalization to the CMB measurement, �2
s (k ) ⇡ 2.2⇥

10�9, the inflaton mass is

m� ⇡ 1013 GeV
✓

60
Ncmb

◆2
. (22)

One could check in more realistic models such as chaotic inflation and natural inflation that
the inflaton mass scale is around 1013 GeV [23, 71, 72]. One crude estimate of the inflaton mass
in all these large-field inflation model is

m 2
� ⇠

V

(��)2
⇡
Ä

2⇥1013 GeV
ä2

, (23)
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Figure 6: The wino relic density in a non-thermal cosmology with decaying moduli fields, as a function of the wino mass and
reheating temperature. The reheating temperature is chosen by convention to be related to the modulus decay width as in
Eq. 8.
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Figure 7: Lower bounds on modulus reheating temperature TRH as a function of wino mass. The blue, purple, green curves with
bands around them correspond to constraints from Fermi galactic center continuum, Fermi line search and HESS line search
respectively. TRH has to be above 5 MeV (the black solid line) for a successful BBN. The burgundy dot-dashed line is the curve
when ⌦non�thermalh2 = 0.12.

is M 2 = � (g )/g m3/2 ⇡ m3/2/360 [14]. We plot this as a dashed red line in Fig. 8, and also plot a band that is a
factor of two around this prediction, which could be thought of as representing a range of plausible outcomes in
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Figure 8: The bound on reheating temperature converted to a lower bound on the scale of moduli masses using Eq. 8 and 9.
Rather than using the reheating bound from Fig. 7, we have been somewhat more conservative by using the bound on h�v iW W

assuming a 1 kpc cored NFW profile from Fig. 5 (right hand plot). We also show a range of gravitino masses that might be
associated with a given wino temperature. The central dashed line is the AMSB prediction, and the band encompasses a factor
of 2 around this prediction in either direction.

other models where the detailed numerical coefficient is sensitive to moduli stabilization or other dynamics. What
is clearly visible in Fig. 8 is that the moduli mass scale preferred for achieving a sufficiently small wino relic
abundance is notably larger than the gravitino mass expected to lead to the chosen wino mass.

To restate this: scenarios in which gauginos are a loop factor below m3/2 and moduli lie near m3/2 are dis-
favored, whereas moduli an order of magnitude or more heavier than m3/2 are compatible with the data. The
modulus mass can only be significantly heavier than the gravitino mass if moduli are stabilized in a supersymmet-
ric manner. Furthermore, it would be a surprise if all moduli are stabilized supersymmetrically. For instance, if
a QCD axion originates from a modulus field, its scalar superpartner, the saxion, would be catastrophically light
unless it is stabilized in a nonsupersymmetric manner [81, 87, 88]. Hence, we might expect the saxion to overpro-
duce winos. This may not be an insurmountable problem: if the axion’s decay constant is relatively small, perhaps
the saxion stored a small fraction of the energy density compared to other moduli, and hence is a subdominant
effect compared to heavier, supersymmetrically stabilized moduli. Another possible problem is that moduli heavy
relative to m3/2 will decay to gravitinos, potentially creating a moduli-induced gravitino problem [25, 76, 77]. The
decay rate of gravitinos in the MSSM is [77]

�3/2 =
193

384⇡

m 3
3/2

M 2
Pl

, (13)

parametrically similar to moduli decay with c ⇡ 2 but with m� traded for the smaller m3/2. This can be problematic
for BBN; for instance, 100 TeV gravitinos decay when the temperature is about 7.8 MeV. The gravitino decays also
produce additional LSPs, which at these later times do not annihilate as efficiently. As a result, the data appears
to be forcing us into a special corner of model space in which moduli decays to gravitinos are suppressed [79, 81].
This problem, known for several years, is more severe now that data has told us that low-mass winos can constitute
at most a small fraction of the dark matter. The bound on the reheating temperature is such that we can’t appeal
to moduli lighter than 2m3/2 to escape the problem, at least unless gaugino masses are suppressed far below their
anomaly-mediated values relative to m3/2.
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The reheating temperature has to be 	


above 1 GeV!

Fan, Reece 2013

The moduli mass scale compatible with data 	


has to be an order of magnitude or more 	


above m3/2

Converted from TRH

anomaly mediation 
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More cosmic observables:!
!
Non-gaussianity and squeezed limit scaling  Craig, Green 2014!
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1 Introduction

The Standard Model has been completed by the discovery of an apparently elementary Higgs

boson at the LHC. On one hand, the absence of evidence for additional degrees of freedom at the

LHC challenges many proposals for new weak-scale physics beyond the Standard Model. On the

other hand, the recent discovery of primordial tensor modes in the CMB by BICEP2 [1] points to

the existence of new physics at a scale that suggestively coincides with apparent gauge coupling

unification in supersymmetric extensions of the Standard Model [2]. That the scale indicated

by cosmological observations coincides with the scale indicated by low-energy observations is

extremely suggestive. In this paper we pursue the idea that cosmology may provide even more

concrete evidence for the existence of supersymmetry (SUSY) well above the weak scale.1

Cosmological inflation [4] o↵ers a novel opportunity to search for SUSY in the universe. The

discovery of primordial tensor modes in the CMB by BICEP2 [1] strongly supports the idea

that inflation occurred at very high energies. For the reported central value of r = 0.2+0.07
�0.05, the

inflationary Hubble scale is given by H ⇠ 1.1⇥ 1014 GeV. Since any field with mass less than the

inflationary Hubble scale can be produced during inflation, cosmological observables are sensitive

to particles produced at these incredible energies.

Although the potential reach in energy of inflation is well-known, it has been less appreciated

in the particle physics community that cosmological observables can directly test the presence

of additional particles and interactions at these scales (see [5] for a recent review). One crucial

observation is the single-field consistency condition [6, 7], which states that if inflation is described

by a single degree of freedom then the bispectrum of the scalar curvature perturbation, ⇣, satisfies

lim
k
3

!0

h⇣k
1

⇣k
2

⇣k
3

i0 ! P⇣(k1)P⇣(k3)
⇥
(ns � 1) + O(k2

3

)
⇤

. (1.1)

Deviations from the consistency condition o↵er a relatively clean method for detecting additional

fields present during inflation. The most commonly studied deviation is the case of local non-

Gaussanity, where (ns�1) ! f local

NL

, which is most easily produced by additional massless scalars.

On the other hand, massive scalars with 0 < m  3

2

H give rise to a bispectrum with soft limit

[8]

lim
k
3

!0

h⇣k
1

⇣k
2

⇣k
3

i0 ! P⇣(k1)P⇣(k3) [(ns � 1) + O(k↵
3

)] , (1.2)

where ↵ ⌘ 3

2

�
q

9

4

� m2

H2

. Measuring ↵ < 2 both tells us that there is an extra degree of freedom

and indicates its mass2 during inflation.

The above phenomenon provides a novel search technique for supersymmetry at high scales

[11]. Although the non-observation of superpartners at the LHC is beginning to challenge scenar-

ios of weak-scale supersymmetry, there remains strong motivation for so-called split supersym-

metry scenarios where most or all superpartners lie outside the reach of the LHC [12, 13]. If this

is the course Nature has chosen, verifying the existence of supersymmetry at high scales requires

1In some string models, having m 3
2
< H causes problems for moduli stabilization [3], which some authors take

as evidence against low scale SUSY. We will ignore such concerns here.
2Strictly speaking, weakly coupled massive particles only produce ↵  3

2

. Taking m > 3

2

H does not extend this

limit, as these massive fields can be integrated out, up to exponentially suppressed contributions [9]. There is no

obstacle to producing the full range 0  ↵ < 2 with additional fields, as was demonstrated concretely in [10].

1

Single field consistency condition 

irrelevant operators are suppressed by powers of the same scale ⇤ with comparable dimen-

sionless coe�cients, one typically expects ⇤ . M
pl

/10 is necessary for an appreciable signal.

However, it is also possible for µ ⇠ H accidentally (i.e. the irrelevant operator generating

µ may have an anomalously large dimensionless coe�cient), allowing an appreciable signal

with ⇤ ⇠ M
pl

.

• When there are multiple light chiral superfields, � and � can arise from di↵erent superfields.

In this case the potential for � is less constrained; both µ and m can be generated via gravity

mediation [14] and are naturally of the correct size to produce a measurable signal with

⇤ ⇠ M
pl

.

We will be agnostic about which scenario is more plausible. In the first case, the degrees of

freedom and self-interactions are intrinsic to supersymmetric inflation with irrelevant operators

in the Kähler potential, but the generic scale of irrelevant operators required for a signal is

somewhat below M
pl

. In the second case, the degrees of freedom and self-interactions are not

intrinsic to supersymmetric inflation (but are highly plausible ingredients), while the scale of

irrelevant operators can naturally be O(M
pl

). Both are well motivated from di↵erent model

building perspectives and lead to potentially observable signatures.

In either case, the signature of m ⇠ H appears in the squeezed limit of the bispectrum. The

behavior in the squeezed limit was worked out analytically in [8]:

lim
k
3

!0

B(k
1

, k
2

, k
3

) =
12

5
f equil.
NL

c↵ ⇥ P⇣(k1)P⇣(k3)

✓
k
3

k
1

◆↵

(3.3)

where c↵ ⇠ O(1). The observation of modest non-gaussianity and squeezed-limit scaling consis-

tent with (3.3) would then be suggestive evidence for supersymmetry at high scales.

In practice, we can use the QSFI template [8] given by

BQSFI(k
1

, k
2

, k
3

) =
18

5
�4

⇣f
equil.
NL

33/2

N�↵+3/2[
8

27

]

N�↵+3/2[
8k

1

k
2

k
3

(k
1

+k
2

+k
3

)

3

]

[k
1

k
2

k
3

(k
1

+ k
2

+ k
3

)]
3

2

(3.4)

where N⌫ [x] is the Neumann function. It was shown in [30] that the above ansatz is in good

agreement with the correct theoretical bispectrum in the equilateral, flattened and squeezed

configurations away from ↵ = 0 and is therefore su�cient7 for our purposes.

There is a strong analogy between the prospects for an inflationary signal of supersymmetry

and low-energy probes such as EDMs and flavor violation. In the case of an inflationary signal,

respectively, and all give rise to e↵ects of similar numerical size. Note however that for the first operator, the

same scale ⇤ suppresses both the self-interaction and mixing terms; the naive ⇤ required for an observable f
NL

from this operator alone entails O(1) mixing. This lies outside the regime of validity of the weak mixing result

(3.2) and a more detailed analysis of f
NL

is required; see [14]. For the second and third operators, the ⇤ can be

slightly di↵erent from the scale suppressing mixing terms, generating an observable bispectrum while preserving

the validity of the weak mixing result (3.2).
7In the limit ↵ ! 0, � becomes massless and the model becomes sensitive to physics at reheating. Although

the QSFI template does not agree with the analytic calculations in this limit, both are missing potential late time

contributions which would contribute to the local shape. Nevertheless, as our primary interest will be distinguishing

↵ ⇠ 1 from ↵ = 2, we will not be concerned about inaccuracies around ↵ = 0.
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1 Introduction

The Standard Model has been completed by the discovery of an apparently elementary Higgs

boson at the LHC. On one hand, the absence of evidence for additional degrees of freedom at the

LHC challenges many proposals for new weak-scale physics beyond the Standard Model. On the

other hand, the recent discovery of primordial tensor modes in the CMB by BICEP2 [1] points to

the existence of new physics at a scale that suggestively coincides with apparent gauge coupling

unification in supersymmetric extensions of the Standard Model [2]. That the scale indicated

by cosmological observations coincides with the scale indicated by low-energy observations is

extremely suggestive. In this paper we pursue the idea that cosmology may provide even more

concrete evidence for the existence of supersymmetry (SUSY) well above the weak scale.1

Cosmological inflation [4] o↵ers a novel opportunity to search for SUSY in the universe. The

discovery of primordial tensor modes in the CMB by BICEP2 [1] strongly supports the idea

that inflation occurred at very high energies. For the reported central value of r = 0.2+0.07
�0.05, the

inflationary Hubble scale is given by H ⇠ 1.1⇥ 1014 GeV. Since any field with mass less than the

inflationary Hubble scale can be produced during inflation, cosmological observables are sensitive

to particles produced at these incredible energies.

Although the potential reach in energy of inflation is well-known, it has been less appreciated

in the particle physics community that cosmological observables can directly test the presence

of additional particles and interactions at these scales (see [5] for a recent review). One crucial

observation is the single-field consistency condition [6, 7], which states that if inflation is described

by a single degree of freedom then the bispectrum of the scalar curvature perturbation, ⇣, satisfies

lim
k
3

!0

h⇣k
1

⇣k
2

⇣k
3

i0 ! P⇣(k1)P⇣(k3)
⇥
(ns � 1) + O(k2

3

)
⇤

. (1.1)

Deviations from the consistency condition o↵er a relatively clean method for detecting additional

fields present during inflation. The most commonly studied deviation is the case of local non-

Gaussanity, where (ns�1) ! f local

NL

, which is most easily produced by additional massless scalars.

On the other hand, massive scalars with 0 < m  3

2

H give rise to a bispectrum with soft limit

[8]

lim
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where ↵ ⌘ 3

2
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� m2

H2

. Measuring ↵ < 2 both tells us that there is an extra degree of freedom

and indicates its mass2 during inflation.

The above phenomenon provides a novel search technique for supersymmetry at high scales

[11]. Although the non-observation of superpartners at the LHC is beginning to challenge scenar-

ios of weak-scale supersymmetry, there remains strong motivation for so-called split supersym-

metry scenarios where most or all superpartners lie outside the reach of the LHC [12, 13]. If this

is the course Nature has chosen, verifying the existence of supersymmetry at high scales requires

1In some string models, having m 3
2
< H causes problems for moduli stabilization [3], which some authors take

as evidence against low scale SUSY. We will ignore such concerns here.
2Strictly speaking, weakly coupled massive particles only produce ↵  3

2

. Taking m > 3

2

H does not extend this

limit, as these massive fields can be integrated out, up to exponentially suppressed contributions [9]. There is no

obstacle to producing the full range 0  ↵ < 2 with additional fields, as was demonstrated concretely in [10].

1

Measuring squeezed limit scaling 𝜶 < 2 could probe scalars in split!
SUSY that couples to the inflaton.   



Conclusion!
!
We are lucky to be in a data-rich period.!
!
Naturalness is constrained but not ruled out yet.!
!
It is important for theorists to keep working out!
new search channels and simplified models as well as!
better observables.
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FIG. 3: Left: two dimensional 95% C.L. exclusion limits in the neutralino-stop mass plane. Our derived limits are shown in
red (with expected limits shown as a dashed line), LEP limits [63] in gray while the CMS direct stop search in the light stop
region [25] is shown in blue. Right: excluded regions for massless neutralino in the stop-top mass plane. Excluded region from
our analysis derived using the top cross section alone (i.e. without assuming prior knowledge of the top mass) are shaded in
red, while the LEP limits are shown in gray. The e↵ect of combining the �tt̄ measurement with current mt measurements
(assuming no stop contamination) is shown as a blue line. Expected limits are shown as dashed lines. For both plots we assume
right-handed stop, t̃R.

limits [63] beyond the LEP kinematical range into a re-
gion currently unconstrained by LHC direct searches.
Stop mass limits based on the top cross section may
reach and extend beyond the top mass, with the bino
LSP case being more strongly constrained at higher stop
masses and being less constrained, for t̃R decays around
80 � 100GeV, due to the less e�cient t ! t̃�0

1 decays,
see Fig. 1 (right).

In Fig. 3a we present the case where the bino mass
is allowed to move in the (mt̃, m�0

1
) plane, comparing

our limits to those obtained by other existing direct stop
searches [25, 63]. Our method is closing the stealth stop
window for low neutralino masses, m�0

1
. 20GeV, while

it is not e↵ective for higher masses because signal rates
rapidily become too low with increasing m�0

1
.

Finally, in Fig. 3b we consider the case where the as-
sumption of a known top mass is relaxed. We use the
mt dependence of �tt̄ presented in [59]. We show the
limits of this scenario in the (mt̃,mt) plane for massless
bino. If mt is not known, either due to stop contam-
ination or to theoretical uncertainties [77], an increase
in mt can reduce �tt̄, thus compensating the e↵ects of
the extra SUSY contributions. Therefore the top cross
section is now allowing a significantly larger band in the
top–stop mass plane. However a 10GeV shift in the top

mass is required to re-open the stop window all the way
below 150GeV. While this shift is likely too large to
be allowed by current top mass measurements given the
agreement across di↵erent analysis techniques and given
the O(2GeV) uncertainty on mt in the endpoint analy-
sis in [78], the precise extent of the allowed regions can
ultimately be constrained only by studying SUSY con-
tamination in top mass analyses. In Fig. 3b we also
show the limit that would be achieved by combining the
cross section measurement with a mass measurement of
mt = 173.34 ± 0.76GeV [79], in order to illustrate the
sensitivity assuming present mass measurements are not
significantly impacted by the presence of stops.

Discussion: We have introduced a novel method for
constraining light stops with precision top cross sec-
tion measurements at the LHC. The idea of using preci-
sion SM measurements to constrain BSM physics is well
known for indirect observables (like electroweak preci-
sion measurements or flavor violating observables), but
mostly unexplored at high energy colliders, such as the
LHC, where a dichotomy between “measurements” and
“searches” is often present. This type of studies can be
very powerful in covering the shortcomings of standard
searches, but clearly require high precision for both the-
ory and experiment which, at present, makes them appli-
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